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Fig. 1 Utilization of titanium machining scraps: (a) Machining scraps; (b) Pressed electrodes; (c) Welded electrode for

remelting
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Fig. 2 Titanium electrodes for remelting prepared from various processing leftover: (a) Rod leftover; (b) Flake leftover;

(c) Ingot cap; (d) Return scrap

P, RN EERIE -

A %8 R RV R B 6 & TG &M
Bl TP T AHSCIERERT 5T, 10 ZHAO &% 1
Ti-6Al-4V W8 AR ARG T Ti-6A1-4V 54,
22 3o [ 5 AN R 3, A 4 1) R AR E A 992 MPa,
PLHLHEE 1077 MPa, WG KR 17.3%, HonE
EYAYE 5480 T2 0145 Ti-6A1-4V FHEL, YIugH 42
me fEEH G SRR E T HSA RN 2 E X
HEVREE, HORREAFERIER 0 FR
DA B ARHT R R BEIRAE o, $RAE T HZ 5
TR RIS R, G EAR T i i, (54
FLA v i B AN v B 1 I D

FIF BRI & K KA &8558, WFRERAE
URERRTHR ()& S ) 45 AR BB S5 5, S5 EEMIAL
SRR BES T R AR K AR ER, 2 Rl IER T
il FLHISE AV, AT DA A AR AR A L AR
EME. (HEATE MR RE, HTEBIES
SMBIASREAE FHARAEL . R BRH %% 1 EL S Bk& 4
R S E NS5 VALE I e VY SE KB

2.2 —RIBIEFAR
HAr, ENIMIE SR, A b7 H i

FEMRHOR /S VAR Jitk, Z/DBEE 2 I BLRIE
WhE & e 2. RIER R Tk CHM
WHEBRLIE 3), AT R K (EBCHM)#
WA RSB 4 R (PACHM)IE R A o 20
RERE AT EL 100% A Bk J2 8k A < (0 OB} 1 45
b, ATBA— U A B B I A AR
il 2 BB 5E AT LU I BE L 25 0o BE IR BESS - CHM
WEPRIOBESE AT s LR DR BRI, B
7S], BRIk, I IR ARSI R, H

Axel Johnson
cold hearth design is
the best-known method of
producing clean metal in the world.
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Fig. 4 Flow chart demonstrating conventional processing procedures for titanium plates
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Fig. 5 Flow chart demonstrating low-cost processing procedures for titanium plates
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Table 1  Cost comparison for casting ingot between EBCHM and VAR techniques'!
. Material cost/ Machining cost for ~ Forging cost for ingot/  Total cost/  Scraps/
Melting method 10* yuan ingot/10* yuan 10* yuan 10* yuan %
Single EBCHM smeltlng 410 B 501 20
(flat-cylindrical ingot)
Double VAR smelting 6.55 3.68 11.24 22
(cylindrical ingot) 4.10 3.68 8.79 80
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Titanium Electrode VAR smelti Double VAR
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Semifinished tube by Tube-hole Multi-pass forging for Ingot
Cu-packed extrusion preparing microstructure control cogging

Finished tube Rolling
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Fig. 6 Flow chart demonstrating the conventional processing procedures for titanium tubes

(a) Titanium
sponge + scrap

Electrode VAR smelting
pressing + welding

Finished :

Semifinished tube by
cross piercing

Double VAR
remelting

(b) Titanium
sponge + scrap
Rolli Semifinished tube by
tube olling Cu-packed extrusion or cross piercing

Finished

7 ARRABR SR A M A RS A

Single CHM smelting

for hollow ingot ]

Fig. 7 Flow chart demonstrating the low-cost processing procedures for titanium tubes: (a) VAR casting; (b) CHM casting

(hollow ingot)
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Combination of forging and rolling
about 70% deformation per-pass

______ Stepping rolling
equipment

[ Normal rolling ] | [

Normal rolling
<<40% deformation per-pass
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equipment

[ Rotary forging ] | [

Rotary forging
<<40% deformation per-pass

Rotary forging
equipment

8 Ti-8LC Al Ti-12LC R AEL &4 hn T2k 5 it

Fig. 8 Designed processing procedures for Ti-8LC and Ti-12LC titanium alloys

R 2 Ti-8LC M Ti-12LC &4 AR Ty 20 T8 k2 = im b i ik g

Table 2 Room-temperature tensile properties for Ti-8LC and Ti-12LC alloys processed by various methods (after annealing)

Ti-12LC Ti-8LC
Processing Method
oy/MPa 09,/MPa /% Z 1% o,/ MPa 09,/MPa n/% Z1%
Stepper rolling 1231 1173 20 51 1240 1160 16 36
Normal rolling 1145 1122 19 40 1160 1106 17 46
Rotary swaging 1204 1131 18 48 1219 1127 16 42

WIS 4 26(2) =25% 5 3L FR A ks B 28 71N
B Ik L A T 4 %) 5 S vy e L i T i
BN T L EMRARGRE, Ti-12LC A& MEHEs
—28, Ti-8LC MR- FAHILT, Wrmiids KL,
ZJE, RIS S ML SR B, BT
20%2ERFERHE Ti-12LC A 4 200 kg B54E7E 1600 T
IKENL BT RS, &R AR 75 mm K},
L AR 43 mm. EAZ 32 mm FEAE 17
mm B . IR KA =R R PE eIl 3 PR,
LB TERRIA B T HRARE K

®3 Ti-12LC A& AMBLID RS 4 17 mm B KSR
WL A

Table 3 Room-temperature tensile properties for Ti-12LC
alloy processed by stepper rolling (pilot scale, d 17 mm)

Ingot scale’kg  o/MPa  ¢,,/MPa n/% Z 1%

200 1200 1100 20 48

E N 2EPTHR T Ti2e mmek e 4Rk
BHEMIALS IR, 45 R ER, 560 kg 1)
Ti-26 & &5 A MBS JF s A E AR 52 mm #
M, BL—ERELE 50%-90%MNELEEM, Wi

KR BRI . 2 80%A% A8 i Al [ 5 ) 2%
i, J1sEPEREIA R 0,=1260 MPa. ¢9,=1150 MPa.
n=12% Z=35%, 4 90% A% T 5 A0 % A I 25U
F12 1 BEIE B 6,=1320 MPa.0o,=1250MPa.5=11%-.
Z=36%, JiEBEHE SRR,

TEER G S M i 3UE AR N T T, 2021 4Rk
P8 R BT S M RE IR J R A« DAFLARER” B il
/L, SEHERANEE, . B8, 3
itk EREREFLE, DA EIREE N RL, moRadE
BLELA% 1000 mm, 15 min MEERIHEE W R, AJ4
PR NKE 24 m, B K EARE 350 mm [ P AR AR
G, YERERES 22K 2020 AT
— IR L ROVAT T — R R R A TC4 2
BK B 4 TR AL B 28 T 15, B ek TCA KRB &
BEETEARAR s DL BINARIRJS, B3t — KIkZ1E X
RGO, TRNETEAHAR ST NIn#— kIR 218 IR
IS ER R R, SRS ZEARAR s LA gk — kiR
Z B AL B ROT o ZRIRFE A TC4 A4
BRSO 4% 7V, R T AR Gun T 2 s K
RZ . TR Z . TRIVRER I LRAR .
I RBAK R 8 R, RS FL AR 45
Hro KB TR R R T S0 2 2R I AR AL T
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BUR, SEIL T HLTE SRR S A /N8 ) B R A T
I, 0 TS R A 2H 255 B R R bR R
002=830 MPa, 7=15%, Z=35%.

KRS I TR B B A e8RS
SN AR TR R RS TR
Hil &K A SHEM O R TR Z MR 7T E 4 3
BRI Ti-(23~29)Cu & &Y B A0 1 o 41
SV R4 R RE AR b L 2 I A B0 I Ty Rl AT
A py R AR B N AT Ti-14
(Ti-1A1-13Cuw)BHIBAER & 4 1 [ 5248 T i A2 M oW 28
ZUEAL . BTN, I PERe. P REISBE AT
PR T HE RO 2 B UE YR E A 34 3
Ti-Cu &RE&4%, FERZRAGEPHAIERKEM TiCu
A, AR IS A2 990 C . 990 ‘CH#IN T, Ti-Cu
RO T BAAAE LA FPRAS . X Ti-14
GaEESR A, KT “HE AN EHL
102, SR Gt [ 2 d [ X A (R B S B T
B EAl . BAER T AERER GRS T, [ - )R R
T Ao X0 AR AR AR T O 2 5 e 4 2 [ S AR T 1
FERFR. QS =GN, AR 3 2 A A
WL IR IS S R B 6 1, A A [ AR 5 1) 22
P, BRIBRAN, BT ITAR. fEEHEES
BN 0.95~0.98(i%JE 1050~1100 CHf), &4 T 5
DA [i] A RL - 22 8] (/) 38 1 A8 T F0AH o 8 3l S i 3 N
F, WAHERBMAZTEAER . WSS A R
b A KT AR ZUO T & iR L . fERIEIA, SRk
FHE LA IHK K Ostwald ZALHLHI A KPS, b
ERAH SR, Sk IS A KR LA 9),
FHUH T SR 2R K LY . 5 A A
bl , e [ S H50E VR B B TR AR TEATL 1A 8 AR
HEMBTET T 30%0L 1, FELRIEA & B A BRI
A AP R B FRAR T G REFE . hAh, [
BRI EE S, 4k T SR AR AN
FIE BE R o

FE UL FERAHIE T (SRS b, [ PRI 7 25
kg ] Ti-14 A & 0854E, S MKFRBE EHA
50 mm B JE, SPABREIAT RN T —f
250 TR EAA 20 mm MFEM, —&FEIN LEH
1220 mm [P . Z£H#KEE((810 'C, 0.5h, WQ)+
(450 °C, 8 h, AC))JEMHAA 4 1 % iR AN iR B
BE. Ti-14 H&FREENTESFN TENER
J1IZEVERR IR 4 Fs . SHEHUIN AL, 2 RESn

ST,

T D o A T A A

9 Ti-14 (k& RIEBRE
%
Fig. 9 Fusing growth of grain boundary for Ti-14 alloy

during semi-solid forging

TIaAEMRE iR ST, W R, Prhik
FETH T 21%, J8 BREE T 25%, (R AT 1L
GRRIYIEAK 73%. AL MrhHFIE R IR PG, %
ik 30%. Ti-14 &4 L& T5% MmN 5 #iab
HAMERTEERWER S fiR. S5inTAEEL,
PARFR 5 S I T A LM TR, BRI,
PUbL it E T = 16%, i ARGEEE Tt 5 19%, K2 %
1% 38%, WTTHIC A K AR 56%. & & phai i
B FAAG, FRIK T 30%. HUACFRRT/SHILL, #abi
Ja 2 [ AS T R A, BRI, KRS
6.8%Ft I E 13%, 5 1 48%, Wit 12%
THEE] 18%, F2mE 1 33%, BI[E 2500 T B #ud
H, A& SRR . A B R H AN

4 Tild & RHHEEN R

Table 4 Room-temperature tensile properties for Ti-14

alloy (forging bar)
Forging technique o,/MPa o¢,,/MPa  5/% Z 1%
Semi-solid 925 755 6.8 12
Conventional 765 605 25 44

£S5 Ti-14 A MBI AL A 10 6 R
Table 5 Room-temperature tensile properties for Ti-14

alloy (forging bar after heat treatment)

Forging technique oy,/MPa o0,,/MPa  n/% Z %

Semi-solid 843 694 13 18
Conventional 727 585 21 41
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Ti-14 A 4246 [ 25 0 A& JUIN AR 4 # ik 3
JE I ER R R 10 . RIS T,
HEMRERL, W, 58EE&m— RN
FUEEIRARL = [ 2500 T 5 % #iin A8 b, (KT 300 °C
P, CREAIN TR SR E . G & 400 CHi
i, PPN 77 R R iR B A B I R e . BT[]
AT A & W E I TR &4 —FE T s il
T, AT G S S R

800 - Ob, semi-solid
<
E 700 -
o' . .
\b-D 600 | 0.2, semi-solid O, conventional
& L
63 500 002, conventional
400z
RAconvenlional 160 -
RAsemi-solid é
40
M conventional é
e
M semi-solid
0

0 100 200 300 400
Temperature/'C

B 10 Ti-14 &< 200 A E BUIN TAS R R T
IR

Fig. 10 Room-temperature tensile properties for Ti-14
alloy processed by conventional and semi-solid forging
approaches[(’z] (o,: Ultimate tensile stress; 0y,: Yield stress;
n: Elongation; RA: Reduction of area)

FERR G AR HAEAT FT RN, E NP
TG S EREFL M RIS, W DRI EEROK,
B B SCBUER & B I ERFESL, (HSEIL 1/
FERIR3%45 . 1998 45 H AT 78 1) i 78 5256 5 Py 5%
WV ERIERERLEOR, RIUFAEPIAIETERIX
B3 LI BH Wit E .

6 Z5iE

N T KRR E R, ARG B
A 2 B AR H RTERSUEI S s 2 —, E N
SREIT R TR TR IS RAFHERE, A IR FTLS
RAECSERRAE RGN . AERESEITEN
MRRAR G S L T ARZ RS, BRABURs AR
TR LIRS, KO & B I A R AT
o SRR G S PR AR R AR T B Bk

H BRI R — AR IERBR . FERE i T
M E R M A B R SAA ] 4
AT 7 BORHEEE o AR R A i % 32 2R A
I IR — IR PSSR B, ELER AL b, &
LT 2 RIRIBAETIE . EMRRA ] 2% 222
H I RAP— A HR IR 220 B B2 RSB AR I
BrEeRtELE AL ALEIHI &, BURRI MR AL
BORREH A AL, FRARE M ELHI R A A o
PR AR A ] 26 32 B R AR N B A &
RORARIN THOAR, SR S [ 0 THR
WHHT TRRIEWTT, e iR, RERe
M EMRBRAAL il s BoR QS RIFt R, (HIFE
FIBR AR, BRI E SRR A8
s ARG AR TR Seds . RS
RER IR Z BN A, IR A R & SRR
AACH S BORBT A IIRBAEERE . ARRFEARER AR
B eI T A AR vr R .
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REFERE 2 28 3 AN 3 L o AR A Bk 15 < it
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VAR SRk & e BRI R B, FEIRER & &3 BE
WEPRIEAS . TR, T A A SRR B Bk Bk
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Progress and prospects of cost-effective manufacturing
technologies for titanium alloys

ZHAO Qin-yang', CHEN Yong-nan', XU Yi-ku', ZHAO Yong-qing’

(1. School of Materials Science and Engineering, Chang’an University, Xi’an 710064, China;
2. Northwest Institute for Non-Ferrous Metal Research, Xi’an 710016, China)

Abstract: Titanium and its alloys have been utilized in some vital areas like aerospace thanks to their excellent
overall properties; however, relatively high manufacturing cost limits extensive applications of titanium alloys in
marine, military and civil fields. Therefore, exploiting and developing cost-effective manufacturing approaches for
titanium alloys has become the hot spot in titanium research community. In this review, the status in quo of the
low-cost manufacturing technologies for industrial plate, bar and tube, which occupied the vast majority of
titanium products, were introduced comprehensively. Designing the alloy free of expensive alloying elements,
recycling processing scrap for remelting, applying one-step ingot smelting and developing short-process processing
routes for profiles were reviewed and discussed thoroughly. Furthermore, based on the review and discussion, the
prospects for the development of low-cost titanium manufacturing technology were proposed.

Key words: titanium alloy; cost-effective; manufacturing technology; smelting technology; forging technology;
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